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Division, Code 6100, Naval Research Laboratory, Washington DCABSTRACT Protein secretions from individual cells create spatially and temporally varying concentration profiles in the extra-
cellular environment, which guide a wide range of biological processes such as wound healing and angiogenesis. Fluorescent
and colorimetric probes for the detection of single cell secretions have time resolutions that range from hours to days, and as a
result, little is known about how individual cells may alter their protein secretion rates on the timescale of minutes or seconds.
Here, we present a label-free technique based upon nanoplasmonic imaging, which enabled the measurement of individual cell
secretions in real time. When applied to the detection of antibody secretions from single hybridoma cells, the enhanced time
resolution revealed two modes of secretion: one in which the cell secreted continuously and another in which antibodies
were released in concentrated bursts that coincided with minute-long morphological contractions of the cell. From the continuous
secretion measurements we determined the local concentration of antibodies at the sensing array closest to the cell and from the
bursts we estimated the diffusion constant of the secreted antibodies through the extracellular media. The design also incorpo-
rates transmitted light and fluorescence microscopy capabilities for monitoring cellular morphological changes and intracellular
fluorescent labels. We anticipate that this technique can be adapted as a general tool for the quantitative study of paracrine
signaling in both adherent and nonadherent cell lines.INTRODUCTIONParacrine signaling is a form of close-range communication
between cells, typically mediated by the secretion of pro-
teins. The types of proteins secreted as well as their spatial
and temporal distributions give rise to a broad range of
possible responses among the receiving cells, including
cell migration (1) and proliferation (2). Not surprisingly
then, paracrine signaling is found to play a central role in
a diverse range of processes such as wound healing (3),
angiogenesis (4), and immune response (5), which rely
heavily on cell movement and division. The ability to map
the spatiotemporal nature of individual cell secretions is
thus foundational to understanding these processes.
The fact that these signaling pathways are external to the
cell creates a number of roadblocks to experimentally
tracking them. For instance, although fluorescent fusion pro-
tein tags are now readily available and widely used for map-
ping intracellular signaling, the approach is problematic for
studying secreted proteins. First, the presence of a relatively
large tag (27 kDa for green fluorescent protein) may hamper
the cell’s ability to secrete the protein of interest. Second,
even if the molecule and its fluorescent protein tag are suc-
cessfully secreted, the result is a diffuse glow in the vicinity
of the cell, which is difficult to quantitatively characterize in
space and time.
As a result, direct measurements of secreted proteins
from individual cells are typically performed using tech-
niques founded upon immunosandwich assays that either
use fluorescent antibodies or colorimetric enzymatic reac-Submitted April 9, 2013, and accepted for publication June 13, 2013.
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0006-3495/13/08/0602/7 $2.00tions (6–10). Although in the past such measurements would
take one time point every 2 to 3 days, technological
advances that couple immunosandwich assays with litho-
graphically patterned microwells and microfluidics have
enabled quantitative secretion monitoring with time resolu-
tions on the order of hours (11–14). Such advances have
exposed cyclical behaviors in the rates at which stimulated
T cells secrete cytokines (15), and in a more general sense,
demonstrate how improving time resolutions can enhance
our understanding of intercellular signaling. Improving tem-
poral resolutions holds the promise of detecting the time for
individual cells to begin secretion after external stimulation,
correlating secretion rates with stages of the cell cycle and,
as we show here, distinguishing burst-like secretions from
those that are more steady state in nature. Immunosand-
wich-based assays are now capable of measuring hundreds
or thousands of individual cells per experiment but their
temporal resolutions are still limited to hours or days per
data point by the introduction of the antibody probe, which
necessarily halts or ends the secretion study. A complimen-
tary technique, which focuses on a small number of cells but
with higher spatial and temporal resolution, promises to
help complete the picture of close range cell-to-cell commu-
nication by bridging the timescale gap from seconds to days.
In addition, compiling statistics on one cell’s secretions
versus many ensures that the genotype and the phenotype
remain invariant.
Here, we introduce a label-free approach based upon
localized surface plasmon resonance (LSPR) imaging for
the real-time measurement of protein secretions from indi-
vidual cells. LSPR biosensing is founded upon the fact
that the plasmonic resonance of a metallic nanostructurehttp://dx.doi.org/10.1016/j.bpj.2013.06.022
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sity when analyte binding at the surface creates small per-
turbations in the local index of refraction (16–19). When
imaged on a charge-coupled device (CCD) camera these
spectroscopic signatures are manifested as an increase in
the brightness of the nanostructures (Fig. 1) and can be
quantified in terms of the fractional occupancy of sur-
face-bound receptors (20,21). In contrast to thin-film based
SPRapproaches, which require total internally reflected
light for the excitation of the surface plasmons (22–24),
nanoplasmonic resonances can be excited with visible
light using the same optical configurations used in tradi-
tional wide field microscopy setups (21,25,26). Employing
LSPR imaging to the study of extracellular signaling brings
with it a number of advantages: 1), The protein secretions are
measured in real time with the frequency of time points
limited only by the exposure time of the camera. If LSPR im-
aging mode is being used exclusively, these time resolutions
are typically 250–400 ms. 2), The Au plasmonic nanostruc-
tures are lithographically patterned onto standard glass cov-
erslips enabling more traditional imaging techniques such as
fluorescence and bright field imagery to be readily integrated
into the experiments. Thus, morphological changes and
intracellular fluorescent tags can be monitored simulta-
neously in real time. 3), The nanostructures are calibrated
for the quantitative determination of secreted protein con-
centration as a function of time and space. 4), Arrays of
Au nanostructures positioned sufficiently far away from
the cells can be utilized as negative control arrays used to
distinguish global variations in signal, e.g., instrumental
drift, from localized cell secretions.
We validated this approach by using LSPR imaging to
spatially and temporally map the secretion of anti-c-myc
antibodies from individual 9E10 hybridoma cells. The com-
bined advantages enabled the quantitative determination of
the antibody concentration in the vicinity of each cell, asFIGURE 1 (a) Illustration of an antibody-secreting cell in registry with two na
fact that the majority of the substrate is transparent glass allows for live cell imag
LSPR-based imaging technique used to measure the secretions. (b) The nanoplas
mercial anti-c-myc monoclonal antibody in serum-free media, introduced micro
9.5 mm ROI centered about the array for each time point. Illustrations: three oc
to the gold nanostructures (No cells were present in this experiment.) Inset: scawell as an estimation of the antibody diffusion constant
in the extracellular media from occasionally observed
burst-like secretions. We close with a discussion of the
technique’s general applicability to both adherent and non-
adherent cell types.EXPERIMENTAL SECTION
Electron beam lithography of the Au
nanostructures
Square arrays of gold nanostructures were patterned onto No. 1.5 glass cov-
erslips using electron-beam nanolithography as previously described (21).
In short, a bilayer resist structure consisting of polymethyl methacrylate
and ethyl lactate methyl methacrylate copolymer was electron-beam
patterned and subsequently developed, followed by the deposition of the
Ti/Au layer using a Temescal electron-beam evaporator. Each array (6 
6 mm) consisted of 400 evenly spaced nanostructures separated by a pitch
of 300 nm. The bases of the nanostructures were circular in cross section
with diameters of 70 5 5 nm and the heights were 75 5 2 nm (Fig. 1 b,
inset), which gave a plasmonic resonance peak centered ~625 nm when
immersed into serum-free cell culture media (SFM). The arrays were sepa-
rated by 33 mm allowing for as many as 12 arrays to be incorporated into the
field-of-view (FOV) when using a 63X microscope objective and as many
as 35 arrays in the FOV when using a 40X objective. As a result, 97% of the
FOV consisted of transparent glass, allowing for the cells on the glass
portion to be viewed by traditional microscopy techniques such as fluores-
cence and transmitted light (TL) imaging. The remaining 3% was patterned
with the Au nanostructure arrays and used for cell secretion measurements
by LSPR imaging.Au nanostructure cleaning and functionalization
The chip was cleaned by plasma ashing at 40 W in 300 mTorr of a 5%
hydrogen, 95% argon mixture, and then functionalized by immersion into
a two-component ethanolic-based thiol solution (0.5 mM), consisting of a
3:1 ratio of SH-(CH2)8-EG3-OH (SPO) to SH-(CH2)11-EG3-NH2 (SPN) for
18 h (Prochimia, Sopot, Poland). The SPN component of the SAM layer
was first reacted with a 10 mg/mL solution of the heterobifunctional cross-
linker sulfo-N-succinimidyl-4-formylbenzamide (Solulink, San Diego,noplasmonic arrays. The chip is loaded onto an inverted microscope and the
ing using transmitted light and fluorescence microscopy in parallel with the
monic response of a c-myc peptide functionalized array to 200 nM of com-
fluidically. The mean intensity of the array was calculated within a 9.5 
cupancy regimes of the surface bound c-myc peptide (red circles) attached
nning electron micrograph of 100 nanostructures. Scale bar: 500 nm.
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604 Raphael et al.CA) in phosphate buffered saline (PBS) buffer (pH 7.4) and then conjugated
to the c-myc peptide (HyNic-c-myc-tag, Solulink) in PBS buffer (pH 6.0)
according to the manufacturer’s instructions. Commercially obtained anti-
c-myc antibodies (Genscript, Piscataway, NJ) were used for saturating the
surface bound c-myc and normalizing array response at the end of each
experiment.LSPR, transmitted light, and fluorescence
microscopy
All imagery was acquired using Zeiss AxioVision software, an inverted
Zeiss Axio Observer microscope (Zeiss, Thornwood, NY), and a thermo-
electrically cooled 16 bit CCD camera with 6.45  6.45 mm sized pixels
(ORCA R2, Hamamatsu, Bridgewater, NJ). Experiments used either a
63X oil immersion objective (1.46 NA) or a 40X oil immersion objective
(1.4 NA) and Koehler illumination. The camera was operated in 2  2
binning mode for both the 40X and the 63X objective. CCD-based LSPR
imaging and LSPR spectra were collected in a reflected light geometry us-
ing a 100 W halogen lamp for illumination and crossed polarizers to reduce
the background contribution from substrate-scattered light. Imagery and
spectra were obtained simultaneously by placing a beam splitter at the
output port of the microscope and a long-pass filter with a 593 nm cutoff
wavelength was placed before the CCD camera as previously described
(20). For the spectral measurements, the focused image of the entire nano-
structure array was projected onto the end of a 600 mm diameter optical
fiber and the spectra were subsequently measured with a spectrophotometer
(QE65000, Ocean Optics, Dunedin, FL). The fiber was aligned to collect
spectra from the array closest to the cell and this spectral information
was analyzed to determine the fractional occupancy of surface-bound re-
ceptors (20,21). Transmitted light illumination was obtained with the
same configuration but using a 100 W halogen light source located above
the chip. Fluorescence imagery was acquired using a 540–580 nm LED
module (Zeiss) and a filter cube optimized for rhodamine fluorescence.
Exposure times for LSPR imaging, transmitted light imaging, fluorescence
imaging, and spectra collection were 300 ms, 300 ms, 1 s, and 1 s, respec-
tively. TL images were contrast enhanced and false color was added to the
grayscale fluorescence images to better visualize the cell. All light sources
were shuttered when data were not being acquired to minimize the possibil-
ity of phototoxic effects on the cells. A combination of three images (LSPR,
TL, and fluorescence) as well as the LSPR spectrum of the individual array
was collected at each time point, and an interval of 1 min between time
points was chosen to limit the possibility of phototoxic side effects.Microscope incubation environment and stability
The functionalized chips were mounted onto a custom-built microfluidic
perfusion assembly for the introduction of fresh media. The microscope
was equipped with a temperature controlled enclosure that kept the stage
temperature at 37.05 0.04C (Zeiss). An additional incubation enclosure
over the chip and perfusion assembly regulated the humidity and CO2 con-
tent to 98% and 5%, respectively. Under these conditions, the drifts in the x,
y, and z directions were <3 nm/min. Focus drift was largely, though not
entirely, corrected for during the experiment using a Zeiss Definite Focus
System (see Fig. S4 in the Supporting Material). In-plane drift was cor-
rected with commercially available postexperiment image alignment soft-
ware (Zeiss).Hybridoma cell culturing and labeling
Hybridoma cells (clone 9E10, ATCC, Manassas, VA) were cultured in com-
plete growth medium (RPMI-1640, ATCC) supplemented with 10% fetal
bovine serum and 1% antibiotic/antimycotic (Sigma, St. Louis, MO) using
T75 flasks in a humidified tissue culture incubator at 37C under 5% CO2Biophysical Journal 105(3) 602–608atmosphere. Cells were maintained at a density of 3–5 105 cells/mL and a
subculture was performed every 2 days to maintain cell viability at 90–95%.
Cell densities and viability were determined using a Countess automated
cell counter (Invitrogen, Grand Island, NY). Before being introduced
onto the microscope, the cells were harvested in complete growth medium,
counted, and the viability was assessed. All cell preparations used for im-
aging had >92% viability. Cells were pelleted by centrifugation
(900 rcf  5 min), washed twice with RPMI-1640 SFM to remove secreted
antibodies, and adjusted to a cell density of 2  106 cells/mL. For imaging,
75 mL of the cell solution was manually injected into the imaging chamber.
After 5 min, typically 25–50 cells had adhered to the surface; the remaining
cells were washed away with fresh SFM using the microfluidic perfusion
setup. For fluorescence imaging, the plasma membrane of live cells were
labeled with the membrane-localizing dye, Lissamine rhodamine B 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt
(rhodamine DHPE) (Ex, 560 nm/Em, 580 nm) (L-RB, Invitrogen). The cells
were washed and incubated for 20 min with 10 mM L-RB in Dulbecco’s
modified Eagles medium containing 25 mM HEPES (Invitrogen) on a
rotating shaker at room temperature. Following incubation, cells were
washed twice with SFM and prepared for imaging as described previously.RESULTS AND DISCUSSION
In LSPR imaging mode the arrays appear as bright squares
on a dark background and only the portion of the cell
adherent to the surface is visible (see the Supporting Mate-
rial, Section SM.1), whereas in TL imaging the whole cell
is visible and can be monitored for morphological changes
(Fig. 2 a). The fact that some arrays are brighter than others
is an artifact of the nanofabrication process (20) and ac-
counted for by the normalization procedure described
below. The 1 min time resolution enabled the detection of
bursts of secreted antibodies in LSPR imaging mode that
would have gone undetected with longer cycling times
(Fig. 2 b). In particular, at the 130 min mark of the experi-
ment, the cell that had grown steadily to a diameter of 275
0.5 mm, contracted to 25 5 0.5 mm within the 1 min time
span between data points (Movie S1). Simultaneously, a
sharp increase in the LSPR imaging signal was detected at
the closest array (Fig. 2 b, Array A). Arrays B and C also
detected a pulse, time delayed by 1 min and 3 min, respec-
tively. The fact that the size and the slope of the signal
decreased with increasing distance between cell and array
is consistent with a pulsed wave of antibodies originating
at the cell and diffusing outward. The diffusing wave was
readily measured at arrays located at distances >70 mm
from the cell. Details of the time delay analysis methodol-
ogy are given in the Supporting Material, Fig. S6.
To account for variations in array intensity and dynamic
range, the response of each array was individually normal-
ized (20). The procedure consisted of introducing a saturating
solution of commercial anti-c-myc antibodies (250 nM) at
the end of the experiment (Fig. 2 c). The mean intensity,
IxðtÞ, within a 9.5 9.5mm region-of-interest (ROI) centered
about the array was then normalized at each time point, t,
with the equationbIxðtÞ ¼ ½IðtÞ  IðtoÞ=½Iðtf Þ  IðtoÞ, where
IðtoÞ and Iðtf Þwere the mean ROI intensities at the beginning
of the experiment and after saturation, respectively. The
FIGURE 2 (a) Overlay of LSPR and TL images with the cell visible
next to Array A as a result of the TL illumination, whereas the nanoplas-
monic arrays are illuminated in LSPR mode. The variations in array
brightness are an artifact of the nanofabrication process and accounted
for by normalization as described in the main text. (b) Normalized
LSPR image intensity (bICell) of Arrays A–D. The distances from the cen-
ter of the cell to the center of each array were 15.4, 39.2, 72.2, and
106 mm for Arrays A, B, C, and D, respectively. The bICell values have
been offset to be equal before the burst (t%130 min) so that the detection
time and intensity of the burst at each array can be more readily
compared. (c) Mean intensity of Array D, highlighting the end of the
experiment at which 250 nM of commercial anti-c-myc monoclonal anti-
body was introduced for the purpose of normalizing the response of the
Real-Time Imaging of Single Cell Secretions 605subscript x either represents bICellðtÞ to denote arrays influ-
enced by the cell’s secretions or bIControlðtÞ for distant arrays
serving as controls.
Having both spatial and temporal information for the
traveling waveform enabled the diffusion constant for the
secreted antibodies to be estimated. Assuming the cell to
be a spherical emitter producing an outwardly propagating
pulse of antibodies with a Gaussian concentration profile,
we associated the onset of the measured pulse with the
peak of the wave. In this limit, D ¼ r2=6$t, where D is
the diffusion constant, r is the distance from the center of
the cell to the center of the array, and t is the elapsed time
from when the cell contracted (27). Analyzing all arrays
in the FOV that detected the pulse, we obtain a range
for D of 0:3 107cm2=s <D< 5:5 107cm2=s, which
is consistent with the value of 4 107cm2=s measured
for IgG antibodies in buffered saline solution (28). The
calculated range in D is in large part a result of the uncer-
tainty in t, due to the 1 min time resolution chosen for this
experiment, as well as the association of the onset of the
signal at the array with a particular feature of the Gaussian
wave front. Such a sudden change, however, could not have
been detected by other single cell secretion techniques,
which have time resolutions from hours to days. The detec-
tion of a traveling wave of secreted proteins from a single
cell is illustrative of the general applicability of our design
for the spatiotemporal mapping of paracrine signaling.
The cell plasma membrane was also labeled with the
membrane-localizing dye rhodamine DHPE, allowing for
fluorescence-based imaging of membrane dynamics to be
comonitored with the LSPR and TL imaging (Fig. 2 d).
The fluorescence imagery was useful in revealing the occa-
sional outward protrusions of lamellipodia from the cells
(Movie S2) and thus ensuring that signal measured via
LSPR imaging was not due to the overlap of such cellular
extensions onto the array. The ability to integrate fluores-
cence microscopy with LSPR imaging also serves as an
example of how this technique enables well-established
fluorescence methods for intracellular studies to be inte-
grated with extracellular secretion investigations.
The majority of the 35 cells studied exhibited continuous
secretions (Fig. 3) over the course of the experiment as
opposed to the bursts (Fig. 2) that were observed in four
of the cells. The secretions from individual cells were iso-
lated and quantified with arrays adjacent to the cell by
normalizing the response of each array in the FOV as
described previously and then using the arrays located
furthest from the cell as controls for background subtraction
(Fig. 3 b). We observed antibody secretions within minutes
of the start of the experiment and, as expected, the signal
strength diminished with increasing distance between cellarrays. (d) Overlay of LSPR and false-color fluorescence images exposing
portions of the cell membrane labeled with rhodamine DHPE. Scale bars:
10 mm.
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FIGURE 3 (a) Overlay of transmitted light and LSPR images highlights
the location of the cell relative to 12 arrays. The variations in array bright-
ness are an artifact of the nanofabrication process and accounted for by
normalization as described in the main text. (b) The normalized LSPR
responses of Arrays A, B, and C (bICell) minus the average normalized
response of the three control Arrays D, E, and F (bIControl). The centers of
Arrays A, B, and C were located 11, 23, and 35 mm, respectively, from
the center of the cell. Arrays D, E, and F were all located at least 65 mm
from the center of the cell. (c) Overlay of the two images (LSPR, transmitted
light) with a spatial map of secreted antibody concentrations as generated by
finite element analysis. For the calculation, the simulated cell was 16 mm in
diameter with a 5.5 mm diameter circular adhesion spot and secreted anti-
bodies uniformly at 1000 antibodies/s. The colored concentration scale
has units of pM and the white distance scale bar is 10 mm.
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detectable at distances>70 mm from the cell, continuous se-
cretions were detected at distances of 40 mm or less. It is
worth emphasizing that in Fig. 2 b, Array A measures a
sharp increase in secreted antibody concentration at the
130 min mark, which within 10 min accounts for 20% of
the array’s dynamic range. By comparison, it takes over
2 h for Array A in Fig. 3 b to reach 15% of its dynamic
range, consistent with a much more gradual secretion rate.
Additional stochastic noise was often observed at the
array closest to the cell (Fig. 3 b, Array A) due to changes
in the cell’s morphology that created variations in the scat-
tered light at the edge of the cell. In the event that the cell
spread over the surface during the experiment and made
contact with the array, the scattered intensity from the plas-
monic nanostructures would increase measurably at the
edge of the array adjacent to the cell, in marked contrast
to the detection of secreted antibodies in which the array
intensity increased uniformly (Fig. S1 and Movie S3).
The data analysis procedure for background subtraction
was essential for isolating continuous-type secretions from
individual cells. The purpose of the background subtraction
was to eliminate global changes in the signal that affect all
arrays in the FOVover the course of the experiment, such as
volumetric changes in the media composition, focus drift,
and variations in light source intensity. Arrays sufficiently
distant from the cell were insensitive to its secretions and
thus could serve as control arrays, conveniently integrated
into the same experiment by the lithographic process. To
help determine the minimum required separation distance
between the cell and the control arrays we used finite
element analysis (FEA) to solve the diffusion equation in
the vicinity of a model cell emitting antibodies at a constant
rate. The secretion rate value of 1000 antibodies/s was
calculated from bulk supernatant concentration measure-
ments of 4 106 cells (see the Supporting Material, Section
SM.2). The FEA results (Fig. 3 c) show that a separation be-
tween the cell and an array of >65 mm reduces the secreted
antibody concentration below the detection limit for the
timescales under investigation (~100 pM). This agreed
with the experimental observation that Arrays D, E, and F,
located 70, 68, and 81 mm from the center of the cell, respec-
tively, had normalized responses that were statistically
indistinguishable over the course of the 3 h experiment. A
comparison of the normalized mean ROI intensities of all
six arrays is plotted in Fig. S4.
From a collection of single-cell measurements of this type
we measured local concentrations that varied from as high
as a 3125 53 pM about some cells to below the detection
limit of the array for others (Fig. 4 a). In each study the cell
was adjacent to the array, with the center of the cell<15 mm
from the array. The concentration at the array was calculated
using cðf Þ ¼ KDf =ð1 f Þ where f is the fractional occu-
pancy of surface-bound c-myc peptide on the array deter-
mined from the simultaneously collected spectroscopic
FIGURE 4 (a) Comparison of the time-dependent secretions from four
single cell studies, all of which were within 15 mm of an array. The normal-
ized LSPR image intensity of the array (bICell) minus the normalized inten-
sity of a control array (bIControl) is plotted versus time. (b) The fractional
occupancy, f, of the array closest to Cell A as determined from the LSPR
spectra that was collected simultaneously with the LSPR imagery. A con-
centration of 312 5 53 pM was calculated using the data in the period
from 100 to 135 min (highlighted region) at which f was constant with time.
Real-Time Imaging of Single Cell Secretions 607data of the LSPR peak response and KDis the equilibrium
dissociation constant of 1.8 nM (20). The equation is valid
if f is constant with time, a condition that was often appli-
cable 2–3 h into the measurement (Fig. 4 b) and which is
in agreement with FEA predictions that the concentration
of antibodies surrounding a continuously secreting hybrid-
oma cell closely approaches a steady state within 30 min
of the cell being introduced to a new environment
(Fig. S5). Whether the observed variations in secretion rates
among the individual cells correlates with where each cell
lies in its life cycle remains an open question.
The experimental technique described in this work
enabled the quantitative spatiotemporal mapping of secreted
proteins from one to three cells per experiment. As such, it
stands as a complementary approach to high-throughput,
single-cell immunosandwich assay techniques that measure
hundreds or thousands of individual cells but with lower
spatiotemporal resolutions (9,10,12–14). In addition, the
chip architecture is designed to mimic that of a glass-
bottomed culture dish setup. Thus, polymer matrices (i.e.,
fibronectin, collagen) can be added to the substrate to enableadherent cell studies and coculturing. We expect an ampli-
fied signal from cells resting on the matrix and located
directly over an array due to the trapping of the secreted pro-
teins between the cell membrane and the substrate, thus
allowing for the measurement of lower secretion rates.
Future work will also explore multiplexing capabilities by
spot printing specific antigens to designated arrays. Finally,
the label-free nature of LSPR imaging as well as its compat-
ibility with TL and fluorescence imaging techniques gives
experimental flexibility in that either modified or unmodi-
fied cells can be investigated.SUPPORTING MATERIAL
Threemovies and their legends, six figures, and supporting analysis are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(13)
00701-7.
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